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Abstract

We report and discuss significant results on thgmatc losses and their frequency dependence
in soft magnetic composites. Two types of bonded&®d materials have been characterized at
different inductions from DC to 10 kHz and analyzsdextending the concept of loss separation
and the related statistical theory to the case eterbgeneous materials. Starting from the
experimental evidence of eddy current confinemesite the individual particles, the classical loss
component is calculated for given particle sizetrdigtion. Taking then into account the
contribution of the experimentally determined qestatic (hysteresis) loss, the excess loss
component is obtained and quantitatively assess$sd.behavior shows that the dynamic
homogenization of the magnetization process witgudency, a landmark feature of magnetic
laminations, is restrained in these materials. Taslts into a partial offset of the loss advaatag

offered by the eddy current confinement.

PACS numbers: 75.50.Bb

a) Author to whom the correspondence should be adellessirriere@satie.ens-cachan.fr
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[. INTRODUCTION
Three-dimensional flux paths and high frequencies ubiquitous in modern electrical machines
[1][2] and laminated cores may often prove inadégubn fact, while inhibited from out-of-plane
magnetization, soft magnetic laminations show adragrrease of the power loss and fall into skin
effect phenomena in the presence of harmonics ardgh working frequencies [3] [4]. Soft
magnetic composites (SMCs) are therefore often qeeg as convenient substitutes, their use
appearing especially suited for devices like pemnamagnet, claw-pole, and axial flux machines.
While many literature efforts in these materialvéhdeen devoted to preparation methods and
microstructural studies, with the aim of improvitigeir manufacturing process, their mechanical
properties, and their magnetic behavior[5][6], #rlysis of the magnetic properties has mostly
been performed on qualitative grounds [7][8], aignat rapid exploitation in SMC machine core
modeling [9]. For example, the important problemlags calculation in such materials has been
approached by use of polynomial interpolation me¢hjd.0][11], which are not accurate enough to
predict the loss under highly distorted inductioaveforms. De Wulf, et al. [12] have resorted to
the concept of loss separation and attempted tdy apertotti’'s statistical theory [13] to the
frequency dependence of the energy loss in diffeigres of SMCs. Their study was, however,
limited to the maximum frequency of 100 Hz and thealculations disregard the actual
heterogeneous structure of the material.

In this paper we present significant new resultstloe energy losses and their frequency
dependence (DC — 10 kHz) in commercial soft Fe bdntbmposites. The experiments show that
the sample cross-sectional area negligibly afféioés loss at all frequencies. The classical loss
component is therefore calculated for eddy curpaths confined within the grains and the loss
decomposition, leading to the determination of llysteresis and excess losses, is accordingly
performed The excess loss is observed to depend on frequercguasi-linear fashion, in contrast
with the square-root law usually observed in magnkiminations. This provides evidence for

correspondingly weakened dynamic homogenizatiothef magnetization process, ensuing from
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combination of strong internal demagnetizing efeutd lack of long-range eddy currents.

. EXPERIMENTAL RESULTS AND DISCUSSION

Two commercial SMCs (Somaloy Prototyping and Somdld0ilP) have been investigated. The
first one (Material A) has the following physicaloperties: densityy = 7450 kg/m, electrical
resistivity o = 2.8010“ Qm, average particle sizes<= 114um. The second material (B) has quite
smaller particle size 8 = 29.5um ) and lower filling factor (density = 7260 kg/m, electrical
resistivity p = 760% Qm). Ring samples of mean diameter 50 mm and 25 rene ywrepared for
magnetic testing. The larger rings had cross-seatiaresS; = 5x 5 mnf, the smaller oneS, = 2.5

x 2.5 mnf. Hysteresis loop and loss measurements underdéifaisnduction were carried out,
starting from quasi-static conditions (5 Hz for Ada20 Hz for B), up td = 10 kHz for peak
polarization values), = 0.50, 1.0, 1.25 T. A broadband hysteresisgraptimeter with digital
control of the induction waveform endowed with avBkDC-20 kHz CROWN power amplifier

was employed. Sample heating was prevented by kgépe sample immersed in a water bath.

A remarkable outcome of these experiments is thatehergy los¥\f) does not depend, at all
frequencies, on the cross-sectional area of th@leaffig. 1, SMC type A). The same occurs in the
SMC type B. This finding implies that grain-to-graionductivity phenomena, either due to random
metallic contacts through the binder [14] or capeei effects at high frequencies can be
disregarded from the viewpoint of losses. Withekey current paths confined within the particles,
a good simplification is introduced in the losslge®, because one can concentrate on the behavior
of the individual particles and their statisticso Btart with, we calculate the classical loss
componentW, which in this case is the contribution that wowldginate if all particles were
magnetized at the same uniform rate imposed tostrmaple as a whole. Scanning electron
microscope images permit one to appreciate size raatphology of the particles and their

distribution. The cross-sectional ar&g,: of each particle is determined from a number of



93 micrographs using an image processing softwareir hape is irregular (Fig. 2), but, for the sake
94 of calculation, they are approximated as rectangld®e width and length of these equivalent
95 rectangles are identified by performing extendedragraphic analysis and by taking the mean
96 values of particle area and aspect ratio. The Boissjuation for the magnetic field is then solved
97 Dby a finite element procedure, [12] in order to pute the eddy current loss in the rectangles. The
98 results for materials A and B are shown in Figan8 4, respectively, where the decomposition of
99 the measured loss W(f) into the hysteresis Whyslt extcess Wexc(f) loss components is put in
100 evidence. Whyst is an experimental quantity, oletaiby extrapolating the measured W(f) to f=0.
101 The strong reduction of Wcl(f) ensuing from the uetibn of the particle size is apparent. By
102 associating it to a concurring reduction of Wexagf)e gets that, in spite of higher Whyst, theltota
103 loss W(f) in the fine-grained SMC type B becomesdo than in the coarse-grained SMC type A
104 beyond about 2 kHz.
105 As known, the excess loss arises because the dymaagnetization process, like the
106 quasi-static one, is inhomogeneous in nature. Heweince the eddy-current counterfields become
107 stronger with increasing frequency and they haveetcompensated by the applied field in order to
108 keep a given magnetization ratg progressive homogenization of this process iscaoantly
109 expected. This concept is made quantitative in $eofnactive magnetic objects (MOs) and their
110 frequency dependence by the statistical theorpsdds [13], which provides the following general

111 expression for the excess loss

160GSV,
fJ, - 1] (1)

112 Wexc(.Jp,f):2n0V0Jp(\/1+noToz0
113 whereG = 0.1356,S is the cross-sectional area of the samylgeis a parameter related to the
114 distribution of the local pinning fields for the MQandny is the number of MOs that are
115 simultaneously active within the sample cross-sectunder quasi-static magnetization. It is
116 generally found in magnetic laminations timgtis at most a few units [13]. A basic tenet of the

117 theory is that the number of active MOs varies Vilidgquency according to the linear law= ny +
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Hexd Vo, WhereHexe = Wexd4J, is the excess field to be dynamically applied ideo to counteract
the mesoscopic (i.e. circulating close to the mgwomain walls) eddy current fields. By taking the
experimentaMe{f), as obtained by subtractiMiys: + We(f) from the measured(f) values (see
Figs. 3 and 4), the versusHe,. behavior is obtained, as shown for the A and B t$MCs in Fig. 5
for Jo= 1T. The experimental, andV, values found in this way are introduced in Eq.&j the
so calculatedNex{f), added toWhys: and the previously obtainadl(f), results into the fitting loss
curve forW(f) shown in Figs. 3 and 4. A striking result ofstlanalysis is that nO is orders of
magnitude larger than in soft magnetic laminatiopss a quantity that refers to the whole cross-
sectional area of the sample [13] and it appears that the magnetization process in SMCs tends
to simultaneously invest a large number of parsicdethe same time already at low frequencies. It
can therefore be assumed that there should basitdae active magnetic object per particle at zero
excess field (i.e. under quasi-static excitatidigve take the type A SMC sample with S =25 mm2
and average grain-size area <s>2 = 0.0130 mm 2getsethe mean number of particles <npart> in
the sample cross section <npart> = 1924, closkamtimber nO of MOs (Fig. 5). For this material,
the observed dependence of n on the excess fieldfi@quency), shown for Jp = 1.0 T in Fig. 5,
suggests that each particle should contain a fews,M&hich will be dynamically activated on
increasing the frequency. The type B SMC showsrarkably higher no value, as expected from a
correspondingly lower grain size. In both casesobserve that the condition no >> Hexc/Vo is
approximately satisfied in a good part of the itigeded frequency range. A first order expansion
of Eq. (3) correspondingly provides WeéxX¢f. This contrasts with usual Hexc/Vo >> no coratiti
already found at low frequencies in magnetic larmdme [13], which leads to the typical Wexd
f1/2 law.

[lIl. CONCLUSIONS

The measurement of magnetic losses from DC to 18 kHcommercial soft magnetic
composite materials and the analysis of the rescdtstered on the concept of loss decomposition-
highlights peculiar features of these materialss kerified that the eddy currents are by anddarg
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hindered from grain-to-grain circulation at alldteencies, with ensuing benefits from the viewpoint
of energy dissipation. This fact permits one toify the problem of loss calculation, whereby the
classical loss component can be analytically ddrifrem knowledge of the distribution of the

particle size. A general formulation for the excésss component, as provided by the statistical
theory of losses, can then be applied and showdeseribe the experimental results and their
dependence on frequency. It is induced that thenetagation process in SMCs is characterized by
a good degree of homogenization already at very moagnetizing frequencies. The lack of

macroscopic eddy current patterns and the relatedterfields eventually results, however, into a
faster than usual increase of the excess loss amenpavith frequency and into its correspondingly

good contribution to the total loss up to the maximinvestigated frequency of 10 kHz.
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Figure captions

Fig. 1: Energy loss versus frequency measuredak pelarization valued, =05 T, 1.0 T, 1.25 T in the
type A soft magnetic composit8y = 7450 kg/m). The results are obtained on two ring samplesrags-
sectional areaS, = 5% 5 mnf andS, = 2.5x 2.5 mn3, respectively.

Fig. 2: Micrograph for the type B SMC. The claskieddy current loss component Wcl(f) is calculated

assimilating this structure with an array of reguaar grains.

Fig. 3: DC-10 kHz loss separation®t= 1.0 T in the SMC type A. The energy |04 (open symbols) is
measured under controlled sinusoidal flux. The iocoius fitting line is obtained by adding to the

experimental hysteresis |084,: the classical los#/,(f), calculated with finite elements.
Fig. 4: Same as Fig. 3 for the SMC type B.

Fig. 5: Number of active magnetic objeatsersus the excess fielL,. = Wexd4J, atJ, = 1.0 T in the two

investigated SMCs. The straight lines provides fiistg with the predicted relationship= ng + Hexd Vo.
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